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1.  INTRODUCTION

The Integrated @odel for Plumes and Atmospherics in
Complex Terrain (IMPACT) is the computer code for a three-dimen-
sional grid model for calculating the impact of pollutants, either
inert or reactive, in simple or complex terrain, emitted from
either point or area sources. As such, it is one of the most
comprechensive air pollution model yet developed. It automatically
treats single or multiple point or area sources, the effects of
arbitrary vertical temperature stratifications (mriltiple inver-
sions) on the wind and diffusion fields, shear flows caused by
the atmospheric boundary layer or by terrain effects, and chemical

transformations (such as those creating photochemical smog).

The code was written in modular format such that the in-
corporation of new or alternative formulations for plume rise,
winds diffusion, advection, and chemistry is particularly straight-
forward with minimal changes required in the existing prbgram. A
macro-flow diagram of IMPACT is shown in Figure 1. The shaded boxes
represent the five modules that are the major components of IMPACT;
the rest of the code is concerned with program control and input

and output functions.

The next section of this user guide contains a description
of the various components of the IMPACT code. “These descriptions
may contain flow diagrams, input/output variables, equations and
graphs as required to describe the routines. Section 3 presents
‘a discussion of the various options available in the code, includ-
~ing selection of chemistries, diffusion models, averaging duration,
and output plots and edits. Also included in this section is a
discussion of the limitations on problem size, data input, etc.

A detailed discussion of the input data and source file structure
for IMPACT is presented in section 4. Also included is a discus-
sion on how to modify the common storage block for different size
problems. Section 5 provides helpful caveats for IMPACT usuage.
A sample run concludes the document.
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IMPACT is written in FORTRAN IV and should be transfer-
able to any computer system supporting a FORTRAN IV compiler. It
is currently running on IBM 370/108 and DEC-10 systems.
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2. PROGRAM RGUTINES

The IMPACT code is designed to solve the following con-

servation of mass equation:

SCi - BUCi _ BVCl _ BWCi
3t ox Ay 3z
W
advection
4+ 2 (KX ___aci) N (}\7 ic.l_) + 2 (Kz aci>
ox ax 1 Yy 3y 3z 3z
AT T S — el
diffusion
+ S. + a..C. + B..,C.C.
1 1373 1jk7i7]
W
source term chemistry
where
C; = the concentration of the ith pollution species
u,v,w = the three-dimensional flow field vectors
KX,Ky,Kz = the three-dimensional eddy diffusivity
S5 = the source term for the ith pollutant species

a,B‘ = the chemical rate constants for the first and

second order chemical reactions.

A flow diagram, by subroutine, for the IMPACT code is
shown in Figure 2. The shaded subroutines represent the major com-
ponents of the code; the remainder of routines direct program flow
and process input and output data. A brief definition and a des-
cription of the inputs and outputs for each subroutine in IMPACT
is listed in Table 1. A description of the program common block,
the five major subroutines, and the input/output routines conclude

this section.
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C-5



[ N vaya
| CHTATOHAT-EESL ND e
Y WiGs LN10d STHAOW YhL MO SODTYE 77
foIyEdEL fedTETd d4svg E51¥ u.:‘m clorsiete;
ALTTTEVLS GNY OONIM LNIOd dHe 93N ,;uamm HENWN1d
YLyd STAACK
SSHNHONOY HOVHNAS ) L0IdAT HO H/W FHL
SNV NIVHHAL ‘SUTdId _ YEHLIY NO JE3ve 01914
SCTZIE ALILIEnAILC A2T114YLS GNY ONIW ALIAISNAAIC SALYEHD $NE4Ia
NTVdHHL % Yo9¥C ALITIGVLIS
TYLYA ONIM HIIN INELSISNGD
QTHTd ANIM d9Hd~HZONEOHIAATA
SHLVANS fVIvad ALITITYLS
S VIVC SIVEMAL ‘YLvda CONIM SZIVIOJEALNI " LSHM
ALITIGYLIS ONYV ANTHM WYYDOHJIENS THL SHIVINOD HY TH YW
SIS/ Al
0L DZS/G WGHS SNOISSIWE
YLYC aNN0odoNavd LAdNT SIHAANCS  "VviIVQ INdNI
CTOMNGS VIV J0 ANVRWAS SINIEd "VYivd
CHEGHNOT LKIOd GNNOHON¥OVE QNV EOMAOS Yo
FALITIEYLS CANIM ~T2CI0HCALAK HHI SavEM ATHE00H HCSLEW
AYHEY O-f MO aam
JALLIKGNS ANY WOHS SILInid
AVHYY INVOIJAINDIS OML LSHIA u:e
SIIOE MELNIHL (I=§ 40 g-2 ANV Ol SAVHYY QTdId4 FHIL SINTHJ LIINTHJ
AVHUY a-¢ 4O 4~ diaLLiWdn
SLOT4 MLOLACS (=-¢ MO {d-¢Z ANV WOHd SLOTd HAOLNOD HALNGO
VIVG TYIZINI 40 SLICH
NV SINIMd CAVMYY SLNYTHVANI WVHDOUJ . VIVA SSHNHSGOY
SSHNHDAOY HOVAXN.L3 ‘yauvd AOVJIHNS ANY NIVHYAL avad
GIIVICAYEILNT ‘AVHHY SSHUNHON0Y A0VaMNS 'WALSAS FHL 40 FLYLES TVILINI
NIVYYEL JHZT4E0HGEINT ‘YIVA NIVHMAL HHL 40 AUVWWAS V INIMd IHYWKNE
AONJIOTASA WYHSOHd
T04d HALYT HOd SAILILNYAD
Y038 ‘oxv/1 ‘xv/1 HZIS T7A0 CdZIS dIu9 INVIMYANT 'INJ4SN HSITGVLSH ANTARA
*0l3 “NOTIHO
gEoR e *CHILIINYAY LNEGNAJIANT
fON0ILdD ‘EZIS OTHL “INON AWIL “dcvds dvad Wzav o
SLAELN0 SLNdNI NOTLJ [HOSHEd ANTIINOYENS

*gauTanoggng goevdur

Jo uotadraosag

T 9TAaBd

C-6



et e Ui

[ RN e india

R TP < . tren
20 shuolaod JN Lo aniy
TaoJZLUD [P
e T - TNEING D A S amyre s € vy . srm o e
SNCIIVHINGONC SNTOZEXOTS TIORCGIL CNISL TTZC00w
T e -y P e N N e Tac e e ST g Sy e~
INYINTICd CELVCED TR I Ve Ll Laed L EAEN IR ST LAl ERENCE Y
La.evacs LT
CAL T T T A _ e
SHOILVEINZONGOS OOZNILO0Y S SNITh TIECOH
TANN TS L AT T T 1 CilHa SHS TED SEAT
LNYLOTTICE G=E1YGan »d(.r...[?UC{C Oal EHL SEATOS

GS
SNCILVEINSONCS R qIA
INVILATIOd CalvCal TV lREHET LRVINTIOG — 5% A%t
RIORGINCICT-0078
ATaER
CTUTEISL VoOONICSH
QTaIZ NC {LNEONCD NODIY2INEDNUCS ONY NOILOEACY O
F><BD.JO& CELYCAN CRLIAISNEAIC fanIm ~NICNOZ Lpv. CALYCan gy
[SICARFACItCS NCILVAINEORCD

AC NOILISOS ‘SNOIL FOVAHAS TOVHEAY mnm TIOTYE
“VHINZONOD QNGOUDHOVE wmgmuxum aNY SEOELGE

JOVdS NV dAWId NI ‘SNCISSIWA “sS07ZId ‘NOISNEAIA :monmz
SHNCILYHINGONCD INYIATTIOd ALIAISIAAIA ANY GNIM INYINTIOZ SALYINDTYO : LOTI0S

SLaZLNOo . SofidNI -NGILEIHISHA HILNOEGENC

(panutjquo)) sautrqnoagqng 3oevdwy Jo uotgdraossg T 9T4ABIL

C-7




2.1 COMYON

There are three blocks of common data used in IMPACT.
The first biock, /SCALER/, contains all the scaler quantities
shared between subroutines. The second block, JONETWO/, contains
all the one and two-dimensional arrays that remain invarient from
problem to problem. These common blocks are found in all sub-
routines except ADH, CHEM3, CHEM6, CHEML5 and FINISH. The
third common stock, /TREFOR/, contains the two, three and four-
dimensional-arrays that may change size from problem to problem.
Rather than include this common stock in every subroutine, the
common appears only in the main program and is passed to other
subroutines via the subroutine call statement. Thus, the user
can vary the size of the problem with a minimum of effort. (See
section 4.1 for a discussion on modifing the /TREFOR/ common
block.)

A glossary of common variables is given in Table 2.



Table 2. Definition of Variables Used in COMMON.

COMMON/SCALAR/

DX = cell size, x-direction

DY = cell size, y-direction

DZ = cell size, z-direction

NX = number of cells, x-direction
NY = number of cells, y-direction
NZ = number of cells, z-direction
NXP1 = NX+1

NYP1 = NY+1
- NZP1 = NZ+1

NXM1 = NX-1

NYM1 = NY-1

NZM1 = NZ-1

NUMEWD = number of wind stations
TIMEND = (not currently implemented)
NUMCEM = number of chemicals

NUMESD = number of stability profile locatlono
NUMHRS = number of hours simulated
NUMEPS = number of point sources
NUMASD = number of area sources
NOWTIM - current hour

IDOWND = wind model flag

IDOCEM = chemistry model flag

IDODIF = diffusion model flag

IDOPLT = surface plot flag

NUMBCP = number of background concentration points
TGRND = temperature of ground

SOLAR = flux

PRESR = ambient pressure

AMBCO = CO concentration, ppm

AMH20 = water vapor concentration, ppm
SIMTIM = same as NOWTIM

IDOPRN = print flag

IDOCAL = Calcomp plotter flag

IDT = number of time steps per hour
HRSAVG = number of hours to be averaged
DXI2 = 1/DX2

DYI2 = 1/DY2
DZI2 = 1/DZ
DXI = 1/DX
DYI = 1/DY
DZI = 1/DZ

NS = number of species

NUMSRD = number of surface roughness data
IDOPLM = plume rise model flag

DT = time step size

IDOSUR = surface plot flag

C-9



DX2 = DXZ

DY2 = DYZ2

pz2 = DZ2

NOWEWD = time at which next wind station data read

NOWESD = time at which next stability profile data read

NOWEPS = time at which next point source data read

NOWASD = time at which next area source data read

NOWRCP = time at which next background concentration
data read

COMMON/ONETWO/

EPS = point source emission array

UDH specified plume rise array
DH.= plume rise array

CC = cellular concentration

S8S = cellular source array

ISKIP = subroutine control flag array

IEW = I-location of wind data
JEW = J-location of wind data
EWS = wind speed array

EWD = wind direction array
EWW = wind-weight array

WV = measured wind speed, v-direction

IES = I-location of stability data

JES = J-location of stability data

ESS = stability profile array

WU = measured wind speed, u-direction

IBC = I-location of background concentration
JBC = J-location of background concentration
EBC = background concentration array

IPS = I-location of source

JPS = J-location of source

KPS = K-location of source

170 = I-location of surface roughness

HPS = stack height array

TPS = stack gas temperature array

VPS = stack volume flow array

DPS = stack diameter array

SPS = exhaust velocity of stack

1SS = I-location of stack

JSS = J-locations of stack

SSS = (not implemented)

" TITLE = title of run

TITL = titles of field arrays

JZ0 = J-location of surface roughness
70 = surface roughness array

ILAS = low I-location of area source
IHAS = high I-location of area source
JLAS = low J-location of area source
JHAS = high J-location of area source

EAS = area source emission array



CEMNAM = chemistry array

EPST = point source emission array
EAST = area source emission array
COMMON /TREFOR/

C = concentration array

CA = averaged surface concentration array
CT = temporary concentration array

U = u-velocity

V = v-veleocity

W = w (vertical) velocity

EX = horizontal diffusivity x-direction
EY = horizontal diffusivity y-direction
EZ = vertical diffusivity z-direction

STAB = stability array

HT = terrain height array

Z0 = surface roughness array
IHT - integerized height array

C-11



2.2 WEST WIND FIELD MODEL - SUBROUTINE MARIAI

IMPACT is designed to be used with as little or much
data as is available, since possible applicatiocns range from
unmonitored wilderness to intensively instrumented rescarch areas.
Thus, the wind field uses any and all available data, with its

accuracy improving with increased, usable data.

The wind field development is diagramed in Figure 3.
Atmospheric stability data are interpolated via a 1/r4 weighting
to produce a stability field over the computation.l domain (1.0 =
A stability 7.0 = G stability). Wind observations are prdjected
upwards from the point measured through the portion of the grid
without any measurement. Such projected data are weighted as

0.001 compared with user-specified weighting of from 1.0 to 0.0.

The projections are based on a power law extrapolation

of the form
P
S = 5S4 (Z/Zo)

for speeds S and Sy at vertical coordinates Z and Z,, respective-
1y, with P determined by linear interpolation from the following

table:

>
&
o
=
=1
g
D]

Stability Category

P 2150 .17 .20 .26 .39 .48 .54

The maximum wind speed allowed is 20 m/sec and the ini-
tial Z, is assumed equal to AZ/2. After the wind speeds are pro-
jected upwards, the wind speed and direction are resolved into U
and V vector components at every wind data site. Next, the entire
wind field is developed via a weighted 1/x2 interpolation of the
vertical profiles for each horizontal plane. Up to this point,

terrain has not been considered. Terrain first enters by shifting

c-12
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where

Z is the height above the ground
L is the Monin-Obukhov length and
U,

. is the friction velocity

U, = (0.35) Up/(m(Zw/Zo) +4.7 (Zy=74)/1) for L1>0
and
U, = (0.35) Up/{m((Z'y-1.0)/(Z'#+1.0)) + 2.0 tah® (2'y)
© ((2'g-1.0)/(Z'+1.0)) - 2.0 tan® (2'¢)} for L<O
Z' = (1.0 - 15 z,/1) /%
Z'o = (1.0 - 15 7,/L)1/%
U, is wind speed at a height Zy above the surface and
Zy = AZ[2
The vertical diffusivity D is further modified by the
function
D=D+ (1.1 - Z/ZIBSE)
when

0.1% ZIBSE <z< 1.1% ZIBSE

For the second case (inside an elevated inversion), the
surface wind speed is set to 3.0 m/sec, the Monin-Obvkhov length
is set to 20.0, and Z (the height above the surface) is measured
from ZIBSE.

Above the elevated inversion, the third case, neutral
stability is assumed and Z is measured from the top of the inver-
sion ZITOP. The vertical diffusion is then limited by 0.001 mz/sec
< D < 1000 mz/sec and assigned to the top face of the cell.



The vertical diffusivity as calculated by the DEPICT
model (Smith, 1971) is more straightforward.

D = (.45) T og2

where ‘
U is the wind speed at the point of interest
o 1s the standard deviation of the wind vane
fluctuation - o is empirically related to stability

,as follows:

Stability 1 2 3 4 5 6
Ue 262 .237 184  .119  .056  .023

% is the turbulence length scale (mcters) and is

empirically related to stability as fellows:

Stability 1 2 3 4 5 6
g 105 85 74 64 59 54

The horizontal diffusivities are calculated for either
diffusion option using the relation Dy = oDy where o depends on

on stability as follows:

Stability | 1 2 3 4 5 6
o 5 .75 1.05 1.35 1.70 2.0

(See Figure 4-11 in the main report.)

The location of the related stability vertical diffusivity and

horizontal diffusivity parameters are indicated below:

C-20



vertical
diffusivity

horizontal Stability
diffusivity —= .

Because the diffusivities are face-centcred, the vertical sta-
bility is offset one-half cell above the cell center; the hori-
zontal diffusivity is offset one-half cell to the left of the

cell center.
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2.4 PLUME RISE MODELS - SUBROUTINE PLUMER

The user is given the option of sclecting the Briggs
‘1974 plume rise model, the Briggs 1967 plume rise model, or the
TVA plume rise model; or specifying either U(Ah) or Ah. A flow
diagram of PLUMER is shown in Figure 5. The subroutine loops over
each source and checks whether or not the source is inside the
grid. If the source is outside the grid, an error mcssage is
printed and that source is ignored. If the user has specified

AH (IDO PLM = 8), the total plume rise (H + AH) i: determined and
the cell in which to insert the point source emissions is calcu-
lated. If U(Ah) is specified (IDOPLM = 7), the velocity at the
top of the stack is calculated and AH = UAH/U. For either Briggs
model (IDOPLM = 1,2) and the TVA model (1DOPLM = 3), the buovancy
parameter F and the temperature gradient at the top of the stack

are determined. The plume rise Ah is calculated as described in

the following paragraphs.
TVA 1974
Buoyancy F = gV (To-T5) /T,

where
is the gravitation acceleration (9.8 m/secz)

e}

V is the inmitial volume flux divided by 7 (m>/sec)
(also equal to wr2 where w 1s the exit wvelocity
and ¥ is the stack inside radius)

T, is the stack gas temperature (°K)

T. is the ambient temperature at the stack (OK) for

a
neutral and stable conditions.

For a distance of 1824 meters (a presumed final rise)

the plume rise is calculated from

1/3

u

F

Ah = 173 exp (-64 (3T/3z + 0.01))
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Figure 5. Plumer Flow Diagram.
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Briggs 1967

Neutral and Unsitable (A-D)
1/3 2/3
ph = 1.6 =— (10 h s)
where hg is the stack height

Stable Conditions (E-F)

AR = 2.9 (é%)l/B where s = (—— + 0.01)
T

Briges 1974

Neutral and Unstable (A-D)

1/3
Ah=l6——-—~«(35x)/3
where
x* = 14 FS/8 for F <55
215 ¢or F 555

x* = 34 F

Stable Conditions (E-F)

F,1/3

where s JL (—— + 0.0L)
Ta

Ah = 2.6 ( )
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2.5 POLLUTANT TRANSPORT - SUBROUTINES PCOLLUT, ADH

" The transport, dispersion and transformation of pollutants
is controlled by the subroutine POLLUT. Each call to POLLUT ad-
vances the simulation one hour. A flow diagram of POLLUT is shown

in Figure 6.

The advection/diffusion time step is calculated such that
the maximum normalized flux across any cell is less than alpha,

i.e.:
2
At = aof (u/bx + kx/ox7)

If the time step is too large or too small, an error message is
printed and the program stops. The time step is further adjusted
such that N advection cycles end exactly on the hour.

The subroutine then loops over N time steps
(At-N = 3600 seconds)

If multiple species chemistry is requested, POLLUT checks to see
if each cell is either below terrain or contains a sigﬁificant
amount of tracer concentration. If not, the background concentra-
tion is loaded into the cell. This procedure forces those cells
not affected by point or area sources to agree with the observed

background concentration distribution.

The concentrations are stored in a temporary‘array and
then advected/diffused in the X, Y, Z direction via sucessive calls
to subroutine ADH. Point and area source emissions are added. If
multiple species chemistry is selected, the updated concentrations
in each cell are subtracted from the stored (old) concentrations
to determine the flux into each cell. 1If there is sufficient
tracer concentration in the cell (>1O'3 ug/mB) the appropriate
chemistry subroutine (CHEM 3, CHEM 6, CHEM 15) is called and

returns with the updated concentration.
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Finally, surface concentrations are accumulated to calculate the

hour-averaged concentration field.

- Subroutine ADH solves the differential equation describ-

ing advection and diffusion of pollutant concentration, i.e.:

BC == — - - .
£ = =V -UC + V-K -VC

The solution is performed seperately in each direction with the

form

The finite difference solution is based on a flux-corrected version

of Crowely's second-order advection scheme

n+1 n n n
Ci =C; +F; 3 - Fipp At
AX
where
n n n
‘ _ bx [ 2
Fiva = 3ac (Ci F Cyyp) agqy + (€5 - Ciyq) “i+%f
+ KXi_*_%_ (Ci - Ci+1)/AX
and
i+d AX
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The flux corrector prohibits the calculation of negative
concentrations by an adjustment of the flux, as follows:

if
Fipy 20
then
= mi Ax oo 8% o
Fi+% = min (Fi+%’ e Ci, 7%t C; + Fi_%)
if
Fi4% <0
then
e i (o Ax
Fipy = min CFipy0 7% Cogg)
Cs N
i+3
Fi-—%_"") P T
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2.6 CIHEMISTRY - SUBROUTINES CHEM 3, CHEM 6, CHEM 15

The IMPACT code is designed to provide the framework for
simulating the complex chemical transformations of air pollutants,
as well as the transport and dispersion of simple inert pollutants.
Three chemical reaction mechanisms are available as options in
the present version of IMPACT. The input format to all chemistries
are the same: the cellular concentrations before the current ad-
vection/diffusion step, C(N); the input (or output) flux due to
the current advection, diffusion, and emissions, Q(N); and the
' advectlon/dnffu51on time 'step, At. In addition, the two photo-
chemistry models require the solar flux, SOL, as input. All
chemistries return the pollutant concentrations at the new time

T =T+ AT via.the cellular concentration array C(N).

Two chemicel reaction mechanisms simulate the trans-
'formatlon of the constituents of photochemical smog. A simple
mechanlsm developed by GRC (Eschenroder 1972), CHEM6*supports
flve active species 1ne1ud1nq NOZ’ NO,‘O3, and HC (ﬁon—methane
reactive hydrocarbon and HNOp). CHEM6 is limited to simulations
of 12 hours or less (see Table 3). The other‘phdtochemical model,
CHEM15, incofporetes the‘letest‘EPA recommended mechanisms (Hect-
‘Seinfeld, 1974), and support° 14 active species 1nclud1ng NO,, NO,

“~‘03, HCl(oleflns) HC2 ‘(aromatics), HC3 (parafins), HC& (aldehydes)

*N205, HNO3, HNOj, HO,, H905, ROO, and RCOO (sece Table 4).
Both CHEM6 and CHEM15 express the effects of chemical

reactions and sources by a solution for each cell of a rate equation
of the form |

3Cy N N
e T ALt 2; Bin Cn t 2:_~ Inm “n Cm
n=1 . n,m=1
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Table 3.

CHEMb Reactioﬂ Mechanism.

-l ad
R

DO PN U R WN

REACTION MECHANISM

hv+N02—>NO+O

O+ O2 + M O3 + M
NO +03~>NO2 + 0,

O + HC — “31) RO,

OH + HC — (bz) RO2

O3 + HC — (b3) R02

R02 + NG — N02 + {y} OH
R02+-N02"*PAN

OH + NO — HONG

OH + NO, — HNO,

hu + HONO — OH + NO
H,O

NO + NO, = 2 HONG

NO2 + 03 —*NOS + O2

NO3 + NOZV ad NZOS

NZOS - NO3 + NO2

N205 + HZO e 2HN03

NO2 + PARTICULATES — PRODUCTS

RATE CONSTANT {ppm/min)

267 x 107!
2 x 108
267 x 10
267 x 102
1. x 104
4. x 1073
1. x 05
2 x 102
15 x 103
3. x 10°
16 x 1073

1. x 10‘3
5 x 1073
4.5 x 103

1.4 x 10
6.05 x10
0.0




Table 4. CHEML5 Reaction Mechanism.

N ed o e e ed ok e cad e el
SW®NOTsDLNSDE

W oW W W oWwWwWwWwWwNNNNNNNENIN-RN
PINIOHEWOPN =200 NA PN

O NSO wN -

REACTION MECHANISM

NO, + hu—~>NO + 0
0+0,+M—>05+M

04 +NO—NO, + 0,

O +NO + M >*NO, + M

0 +NO,—~NO +0,
O+NO, +M—>M ~NO5 +M
03 +NO, ~NO5 + 0,

) NO’3 +NO - 2NO2

N03‘ +NO, = N,0g
N,Og —>NO, + NO4

N,Og + H,0 = 2HNO,

NO + HNO4 = HNO, + NO,
HNO, + HNO; ~H,0 + 2NO,
NO + NO, + H,0 — 2HNO,
2HNO, = NO + NO, + H,0
HNO, +hu=0OH + NO

OH + NO, = HNO4

OH + NO + M~ HNO, + M
OH + CO + (02) --‘CO2 + HO2
HO, + NO = OH + NO,,

H,0, + hu = 20H

HC; + 0~ ROO + aRCO00 + (1-) HO,
HC1 + 03 ->RCOO0 + RO + HCa

HC; + OH ~ROO +HC,

HC, + OH > ROO + OH

HCZ»" OH =+ ROO + HZO

HC3 + 0 —~ROO + OH

HC; + OH ~>ROO + H,0

HC, + h —BROO + (2-p) HO,

HC, + OH ~fBRCOO0 + (1-0) HO, + H,0
ROO + NO = RO + NO,

BCOOO +NO + (02) —ROO +NO, co,

RCOOQO + NO, ~RCO0O NO,

RO + 024 HO, +HC,

RO + NO, — RONO,

RO + NO - RONO

HO? +HO, — H,0, + 0,

HO, + ROO > RO + OH +0,

2R0O0 = 2RO +0,

RATE CONSTANT (ppm/min)

2.66 x 107!
2. x 10_5
2.08 x 107
3.5x 1073
1.38 x 104
2.2x1073
4.6x10 2
1.5 x 104
4.5x 103
1.5x 10
1. x 1072
25x 1074
2.x 107"
2.1x 100
4.5

1.3x 1072
1.5 x 104
1.2 x 104
2.5 x 102
7. x 102
25 x 102
6.8 x 103
1.6 x 1072
2.5x 104
1.07 x 102
8. x 103
6.5 x 10
3.8 x 104
25x 1073
2.3x10%
9.1 x 102
9.1 x 10%
1. x 102
2.4x 1072
4.9 x 102
2.5 x 102
5.3 x 103
1. x 102
1. x 102

HC1 = olefins, HC2 = aromatics, HC3 = parafins, HCa = aldehydes
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for the 1th pollutant species. The Aj factor is used to enter

sources and the net advective/diffusive flux into the cell. The

rate equation is recast into

3C1
T F1 - %%

and an approximate solution, used as a predictor-corrector, is

n+1

n -R,AL
c"T = - Fip, ¥ (cl + Fl/R1> 1

The third chemistry option (CHEM 3) is a simplified
treatment of the oxidation of sulfer dioxide to sulfate. The
S0, mechanism currently encoded in IMPACT does not simulate SO,
photochemistry but rather relies upon empirical observation of
atmospheric SO2 oxidation rates. Observed maximum rates have been
found to range from 2 percent per hour to 12 percent per minute.
The SOQ mechaniem in IMPACT employs a spatially-dependent 502 to
SO4 conversion rate that depneds upon the plume concentration at

the point under consideration as shown below.

RATE

10%

percent/hour

1%

0 | 200 (0,) (ppm)
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2.7 INPUT/OUTPUT ROUTINES

Four subroutines control the input and output of IMPACT.
Subroutine READEM reads and writes the initial invariant input
data. Subroutine SUMMARY reads and processes the terrain and sur-
face roughness data and prints a summary of the invariant data.
Subroutine METSOR reads the hourly wind, stability, point source,
area source, background concentration, and global parameters
(solar flux, surface temperature, etc.). Emissions data (except
for the tracer) are transformed from g/sec to ppm/sec and a summary
of 'the hourly input data is printed. Subroutine QUTPUT controls
the printing of the results of the IMPACT calculations. Printer
edits and contours of winds, diffusivity, stability, and concen-
tration arrays can be printed level-by-level or for surface values
only. The surface array of hour-average concentrations can also

be printed.

Subroutine CONTUR creates a printer contour plot from
any submitted array with less than 45 cells in the x-direction.
Subroutine PRINIT prints the first two significant digits of any

submitted array with less than 40 cells in the x-direction.



3. PROGRAM OPTIONS

IMPACT allows the user to select the size and resolution

of the simulation problem. However, due to the size of dimensioned
arrays in the COMMON/ONETWO/ block and the formats in the output
subroutines CONTUR and PRINIT, the following limitations apply:

e NX - thé number of cells in the x-direction must

be <40

e NZ - the number of cells in the y-direction must

be <20

o NUMEWD, NUMESD, NUMEPS, NUMASD, NUMBCP and NUMSRD -

the number of wind, stability, point source, area

source, background, and surface roughness data sites

(respectively) cannot be greater than 50 each.

Other than these conditions, only computer storage and run time

considerations restrict the size and resolution of the problem.

The time-dependent options allow the user to select the number of

hours to he simulated (NUMHRS), and the interval {(in multiples cf

one hour) for which time-averaged surface concentrations are cal-

culated (HRSAVG).

The user may also specify the time interval

(in multiples of one hour) for the printer edit and printer con-
tour output (IDOPRN, IDOPLT).

By selecting the appropriate input options, the user can

specify the models to be used in calculating variables listed

below:

IDOCEM
IDOCEM
IDOCEM
IDOCEM

IDOCEM

IDODIF
IDODIF

TN W O

wind and diffusion field calculations only
tracer only
tracer plus SOp, SO4 sulfate chemistry

tracer plus photochemistry, GRC photo-
chemical model

tracer plus photochemistry, Hect-
Seinfeld photochemical model

Myrup/Ranzieri diffusivity model
DEPICT diffusivity model
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IDOPLM
IDOPLM
IDOPLM
IDOPLM
IDOPLM

i

It

i

If

N W N

Briggs 1967 plume rise model

Briggs 1974 plume rise model

TVA plume rise model

user-specified UAh plume rise parameter

user-specified plume rise Ah.
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4.2 INPUT FILE STRUCTURE

The input file for IMPACT is illustrated in Figure 7.
Title, grid size, options, output, terrain, and surface roughness
data are temporally invariant and are entered at the start of the
simulation. Other inputs (wind, stability, point source, area
source, background concentrations, and global atmospheric para-

meters) must be read in for each hour of simulation.
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4.3 INPUT FILE DESCRIPTION

This section contains a record-by-rccord description of

the input file required to yun IMPACT.

Three records are read in using the NAMELIST convention
(GRIDIT, OPTION, OUTPUT). The remaining recoru. are transfered

under format control.

The input records are described below in the order shown

in Figure 7.
4.3.1 Title

The title record consists of up to 80 characters that

identify the particular run read in under a 20A4 format.
4.3.2 & GRIDIT

This namelist record describes the size and resolution

of the problem.

DY: north-south, and vertical).
DZ:

NX:§ specifies the number of grid cells in the

DX:} specifies the cell size in meters (east-west,

NY: x, ¥, z-directions.
NZ:

4.3.3 & OPTION

This namelist record describes the options requested for

wind field, chemistry, point source, plume rise and diffusion model

IDOWND: selects wind field model IDOWND = 1 WEST
IDOCEM: selects the chemistry model

IDOCEM = 0 no pollutants, wind and diffusion
field calculation only
IDOCEM = 1 no chemistry, single tracer pollu-

tant (NS = 1)

C-40



IDOPLM:

IDODIF:

4.3.4 . & OUTPUT

IDOCEM
IDOCEM

It

3 sulfate chemistry (NS = 3)
6 GRC photochemistry (NS = 6)

IDOCEM = 15 EPA photochemistry (NS = 15)

selects the plume rise option

IDOPLM = 1 Briggs 69 plume rise
IDOPLM = 2 Briggs 74 plume rise
IDOPLM = 3 TVA plume rise
IDOPLM =7 wuser-specified UaH
IDOPLM = 8 wuser-specified AH

selects the diffusivity model ontion
IDODIF.= 1 Myrup/Ranzieri diffusivity model
IDODIF = 3 DEPICT diffusivity model

This namelist record describes the total number of hours

to be simulated and the output options desired.

NUMHRS :

IDOPLT:

IDOPRN:

IDOCAL:

HRSAVG:

- the number of hours to be simulated by IMPACT

the frequency in integer hours for printer
contour output

IDOPLT = 0 no printer contour desired
IDOPLT = 1 printer contours every hour
IDOPLT = 3 printer contours every 3 hours

plus first hour (i.e. hours 1, 3, 6...)

the frequency in integer hours for printer edit
output

IDOPRN = 0 no printer edits desired
IDOPRN = 1 printer edit every hour
IDOPRN

3 printer edit every 3 tours plus first
hour ‘

option for calcomp plots of wind field vectors
and pollutant concentration contours - not currently
implemented, set IDOCAL = 0

the integer number of hours desired for calcu-
lating average surface concentration

HRSAVG = 1 one-hour average concentrations
desired, printed every hour (IDOPRN,
IDOPLT should also be set to 1)
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HRSAVG = 3 three-hour average concentrations
desired, printed every third hour
(3, 6, 9...) IDOPRN, IDOPLT should
be set to 1 or 3)

IDOSUR: option for prints all vertical levels of the
field arrays or just the values at the surface

IDOSUR = 0 print all vertical levels plus the
surface

IDOSUR = 1 print surface values only

4.3.5 Terrain Deck

Fach card in the terrain deck holds consecutive x terrain
heights (in feet) and is self-identified by having x and y cell
location values. 1If an entire record contains zero heights for
each location, it is not required. A record with a value of‘

I = -1 is required to terminate the terrain deck. .

Each terrain record holds up to 10 distinct elevations.

The terrain record format is diagrammed below:

12, 12, 10 F5.0
I-coordinate J-coordinate 10 terrain
locator locator hei;hts (feet)

The I-coordinate locator.value is the I-coordinate of the lst

terrain value on the record and can have only the following

values: 1, 11, 21, 31. The values on the card thus correspond
to locations at (I, J), (i+2, JY, ... (I+9, J). The J-coordinate
locator has the wvalues 1, 2, 3... NY.

4.3.6 Surface Roughness Deck

The surface roughness deck contains two types of records.
The first record, read as an I5 format, describes the number of
surface roughness data records to follow. This information is
stored in NUMSRD. The next NUMSRD records contain data on the

location and value of surface roughness. The format is as follows:
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15, I5, F5.0

A = |
I-coordinat;\\\J—coordiS;EE\\~Surface roughness
(meters) .

This data is only required if the Myrup/Ranzieri dif-
fusivity model is desired. If no surface roughness data is
needed, set NUMSRD = 0 to terminate the surface roughness deck.

The following data decks are required each hour except

as noted.

4.3.7 Wind Data Deck

The first record of the wind data deck describes the
number of wind data sites (stored as NUMEWD) and the hour at which
the next wind data deck is to be read (stored as NOWEWD). This
procedure allows the user to use the same wind data for multiple
hours without rereading the same data deck each hour. If NOWEWD is
set to O, the.wind data deck must be read in the next hour. If
(at hour 2) NUMEWD = 5, the data deck read in at hour two will be
used to calculate the wind field for hours 2, 3, and 4; at hour
5, a new wind data deck must be entered. ~The format of the data

deck specification record is as follows:

15, I5

number of WQZS\EZEE\\ hour at which next wind
locations, NUMEWD data deck is to be read, NOWEWD

For each wind data site, at least two reco-.ls are re-

- quired. The first record specifies the location of the wind

data site and the confidence value (from 0.0 - 1.0) that the

user places in the data (a value of 1.0 will force the wind field
to agree with input value at the site, while a value of 0.0 will
initialize the wind field using the input data but will allow the
wind field to adjust itself without further regard to the input
data). Valid, reliable hour average wind data is usually weighted
as 1.0, while instantaneous pibal data is usually weighted as 0.1.
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Note: The number of terrain cells at any location I, J can be

determined by:

I}

T(1,J) - HTMIN) + .5}

AT (1,9) 3.2808-DZ

Integer portion of UT

where
IHT (I,J) is the number of terrain cells at I,J
HT (I,J) 1is the height in feet at i,J
HTMIN is the minimum value in the HT array

DZ’ is the vertical cell size in meters

At least one wind data location is required and a maximum of 50

data locations are permitted.

4.3.8 Stability Data Deck

The first record of the stability data deck, like the
first record of the wind data deck, describes the number of sta-
bility data sites (stored as NUMESD) and the hour at which the
next set of stability data is to be read (stored as NOWESD). The

format is the same as for the wind data record:

15, I5

/ ‘\\\\\\“~hour at which the next stability

number”of stability data
locations, NUMESD data is to be read, NOWESD

For each stability data location, at least two records are required.

the first record contains the location of the stability data:

I5, 1I5

I-location . J-location
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The next record contains up to 16 values of atmospheric stability.
15 NZ >10, onother vecord containing stability, data for K = 17, 18,
19, 20 is neceded. The stability data is enterced in the following

format:
16 ¥5.0

where values of stability may be spccified as:

0 inside terrain

1.0 -~ 1.5 Pasquill stability class A
1.5 - 2.5 Pasquill stability class B
2.5 - 3.5 Pasquill stability class C
3.5 - 4.5 Pasquill stability class D
4.5 - 5.5 Pasquill stability class E
5.5 - 6.5 Pasquill stability class F
6.5 - 7.0 Pasquill stability class G

Table 5 may be used as a guide for converting temperature
sounding data to stability. Unlike the wind data, the stability
data is not entered relative to local ground-level. .The code does
not fill in blanks in the vertical; thus,. the user must enter
exactly NZ values of stability (assigning zero to cells inside
terrain and assigning stabilities to cells which actually may not

have had a datum value).



Table 5. Classification of Atmospheric Stability
According to AEC Safety Guide 23.

Stability Pasquill Temperature Change
(Classification Categories With Height (°C/100m)
Extremely unstable A <-L9
Meoederately unstable B -1. 910 -1.7
Slightly unstable C 1.7t0-L5
Neutral | D -1.5to -0.5
Slightly stable E -0.5t0 1.5
Moderately stable F 1.5to 4.0
Extremely stable G > 4.0
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Example: | NZ = 17

Location I = 3, J = 25

K= 17
16 —_— - 4 = =
15 B Set. B = 2.0, F 6.0, E 5.0, D =4.0
%g B__ Extra values for needed cells 17, 16, 13, 10,
12 [F 7, 6
}é F Choose > 2.0, 2.0, 4.0, 5.5, 4.0,
4.0 respectively
9 E
8 D
7
6
5
§ 4
3
L) 2
51

The input records for this site would be:

Location
0 10 20 30 40 50 60 70 80
| i 1 i i | t | (| ! { I 1 [

First
record 03 %
Second .
record 0.0 0.0 .0.0 0.0 00 40 4.0 &40 50 55 60 6.0 40 2.0 2.0 2.0
12223({ 2.0 » remainder blank

At least one stability datum must be specified for every
K-level; a maximum of 50 stability data sites are allowed.
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4.3.9 Point Source Deck

.If IDOCEM = 0, the point source data deck is not required.
The first record of the point source deck, like the first record
of the wind data deck, describes the number of point sources
(stored as NUMEPS), and the hour at which the next point source
data is to be read (stored as NOWEPS). If only one set of point
source data is desired, set NOWEPS to a number greater than the
number of hours to be simulated (NUMHRS). The format is the same

as the wind data record, i.e.,

/;5, I5
NUMEPS NOWEPS

If no point sources are needed for a particular hour, set NUMEPS =

0 and omit the following records.

For each point source, two records are required. The
first record contains information on the stack and its operating

conditions. The format and the associated variables are as follows:

15, i5, F F5.0, ¥5.0, F5.0, F5.0, F5.0

A A

IPS JPS TPS VPS DPS SPS UDH

Stack wvariable definitions

IPS: The I-coordinate of the stack

JPS: The J-coordinate of the stack

HPS: Stack height in meters (relative to local terrain)
TPS: Temperature of the plume in “c

VPS: The stack volume flow in m3/sec.

DPS: The inside diameter at the top of the stack in meters
SPS: The exit plume velocity in meters/sec

UDH: A specified plume rise parameter



IDOPLM s

If

IDOPLM

where

i

Ah UDH/S UDH in mz/sec

il
~

Ah = UDH UDH in meters

i
o

Ah is the plume rise (meters)

S

is the wind speed at the top of the stack m/sec

I£ VPS is specified, DPS and SPS are not required, or vise versa.

- I{ UDH is specified, then TPS, VPS, DPS and SPS are not required.

The second record contains information on the point source

emissions.
IDOCEM. However,

and are in units of grams/second.

EPST
EPST
EPST
EPST
EPST
EPST
EPST
EPST
EPST
EPST
EPST
EPST
EPST

A maximum

The input on this record varies with the choice of

IDOCEM = 1 IDOCEM = 3 IDOCEM = 6

all data are read into EPST in a 16F5.0 format

They are specified as follows:

IDOCEM = 15

(L) tracer tracer . tracer
(2) - S0, N0,
(3) ‘ ' S0, NO

(4) o 03

5y HC (reactive)
(6) | HNO,,
(7)

(8)

(9)

(10)

(11)

(12)

(13)

(14)

(15)

of 50 point sources may be specified.

=51

tracer
NOp

'NO

03 |
HC1 (olefins)

HC2 (aromatics)

HC3 (parafins)
HC4 (aldehydes)
NZOS

HNO3

HN02

HOZ

H,0,

ROO

RCOO



4.3.10 Area Source Deck

If IDOCEM = 0, area source deck is not required.

The first record of the arca source deck describes the
number of area sources (stored as NUMASD) and the hour at which
the next area source deck is to be read (storeca as NOWASD). The

format is the same as for the point source data:

I5, 15

NUMASD NOWASD

1f no area sources are needed for a particular hour, set NUMASD =
0 and omit the following reccords. If only one set of area source
data is desired for the entire problem set NOWASD > NUMHRS.

For each area source, two records are required. The
first record contains information on the location of the area
‘source. FEach area source is defined as a rectangle whose sides
are an integral number of DX and DY. The leocaticns of the lower-
left corner and the upper-right corner of the area source are re-
quired to specify the area source. The format for this record is

as fellows:

15, 15, 1I5, 15

S U T

ILAS TIHAS JLAS JHAS

Example:
31
30 S| <00, 30)
T' 29 area gource
Y
27
6 | 71 8 |9 |10
(7, 28)

I
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In this example, ILAS = 7, IHAS = 10, JLAS = 28, JHAS = 30.

The record would look like this:

F

07 10 28 30

If.only one cell is required to specify an area source, set ILAS =
THAS, JLAS = JHAS. However, all data must be entered in this re-
cord. The second record contains information on the area sourcce
emissions. The format of this record is exactly the same as the
point source emissions record. (Refer to section 4.13.13 for

further information.)

The emissions required for the arca source deck are in

grams per second per grid cell. Thus, if the emissions for the

entire area source is § g/sec, the emissions per grid cell,
€ g/sec/grid cell, equal E / ((IHAS-ILAS + 1) (JHAS-JLAS + 1)).

The variable & is required as input in this record.

A maximum of 50 area sources may be specified.

4.3.11 Background'Conéentration Deck

The background concentration deck allows the user to
specify the spatial distribution of pollutants. Those cells not
affected by point or area sources (defined as cell: whose tracer
concentrations is less than 0.001 ug/mB) are assigned concentra-
tions based on a weighted, 1/r2, interpolation of background con-
centration values at the particular vertical level. Thus, the
user must specify the vertical profile for all pollutants at each
site. 1If IDOCEM = O, the baékground concentration deck is not

required.



The first record of the background concentration deck
describes the number of background sites (stored as NUMBCP) and
the hour at which the next background concentration deck is to be
read (stored as NOWBCP). The format is the same for the point

source data:

15, T5
b £
NUMBCP  NOWBCP

If no background data is needed, set NUMBCP and o.it the following
records. If only one set of data is needed for the entire-problem,
set NOWBCP > NUMHRS. 1If, for example, no data is needed for the
entire problem (e.g., if IDOCEM = 1, tracer only), set NUMBCP = O
and NOWBCP = NUMHRS + 1.

For each background concentration data point, NZ + 1

records are required. - The first record describes the coordinate

location:
15, 15
4 )
IBC JBC
where

IBC is the I-location of the background data
JBC is the J-location of the background data

The next NZ records describe the background concentrations
of the reactive pollutants for each level starting at K = 1 and
continuing to K = NZ. If, for example, levels X = to K = 6 are
below the surface, six blank cards must be inserted to account for
levels K = 1 to K = 6. Every level must be specified. The input
on these records varies with the selection of IDOCEM. However,
all data are read into EBC in a 14F5.0 format and are in units of

ppm. They are specified as follows:
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IDOCEM = 3 IDOCEM = 6 IDOCEM = 15

EBC (1) 50, NO, NO,
ERC (2) S0y NO : NO
EBC (3) 03 03
EBC (&) S HC (reactive) HC1
EBC (5) HN02 HC?2
EBC (6) . HC3
EBC (7) HC4
EBC (8) N9Og
EBC (9) HINO 5
EBC (10) | HO,,
EBC (11) HO ")
EBC (12) Hy0,)
EBC (13) ROO
EBC (14) ‘ RCOO

EBC (15)

1 IDOCEM = 3, 6 or 15, at lecast one background concentration data
must be specified for every K level: a maximuw of 50 background

concentration data sites may be specified.

4.3.12° Global Paramecters Data

The global parameter data record specifies spatially
invariant data required for conversion of emission g/sec to emis-

sions ppm (the calculation of plume rise and parameters needed for

photochemical calculations). If IDOCEM = 0, this record is not:
required. Otherwide, this record is required each iwour and con-

cludes the hour input unit. The format of this record is as

follows:

, F5.0, F5.0, F5.0

F5.0, F5.0
TGRND SOLAR PRESR AMBCO - AMHZO
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with the following global parameter definitions:

TGRND:

SOLAR:
PRESR:
AMBCO:

AMHZO:

air temperature at the surface °C (specify 20°
as a default value)

ambicent insolation in watts/m2 (needed for photo-
chemical simulations)

ambient atmospheric pressure in millibars (specify
1000. as a default value)

ambicent carbon monoxide in ppm (required for
EPA photochemistry, IDOCEM = 15)

ambicnt water vapor concentration in ppm (re-
quired for EPA photochemistry, IDOCEM = 15)



4.4 PROGRAM INPUT SUMMARY

Table 6 provides a summary of program input.
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5. CAVEATS

This section provides some helpful points on assemblingy

the data and interpreting the output.
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5.1 STABILITY ASSIGNMENT

7

Since the stability profile (stored in STAB) alters the
computed wind field it is import to assign the stability layer by
layer such that the intended profile is effected. The point to
remember is that the stability of a given laycer is assigned to
the top interface of that layer. For example, if it is desired
to simulate an atmosphere with the third layer stable and all the

other layers unstable, the following assignment must be followed:

physically assignment

A
A

A
A

Pl

thus STaB (2) = 5
and STAB (3) =5
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5.2 GRID SIZE

If IMPACT is used to evaluate the effects on air quality
due to point sources, the grid size (DX, DY) should be equal to
or less than the plume width at the surface concentration maximum.
If DX or DY is too large, the maximum surface concentration will
be smoothed and lower concentration values will be predicted.
Typical zone sizes are from 500 to 1000 meters for DX, DY and

25 to 100 meters for DZ.
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5.3 NUMBER OF SPECIFILD WIND SITES

If an excessive number of wind sites are used, the as-
signment of high confidence levels to each site will result in
an unrealistic wind field if the data is not compatable. A rule
of thumb for determining the maximum number of high confidence
ievel wind sites is N = (NX-NY) divided by 40—=/40. I the
number of wind sites exceeds N, reduce the confidence values

assigned to the wind data.
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5.4 MYRUP/RANZIERI DIFFUSIVITY MODEL

When using the Myrup/Rénzieri Model - (IDODIF = 1), the
user should take care that an inversion base and top are defined
everywhere in the grid. That is, the stability values go from |
less than 4.5 at the surface to greater than 4.) and then to less
than 4.5 again. Otherwise, the model may calculate large vertical
diffusivities (limited te 1000 mz/sec) even under stable conditions
when DZ-NZ is greater than 500 to 1000 meters. The advection/
diffusion time step will be limited in these circumstances to
~approximately At = 0.0008 (DZ)Z; if DZ is equal to 100 mefers,
then At equal 8 seconds. A time step of 8 seconds requires 450
advection/diffusion cycles per hour which will result in long

run times for multiple-species multiple-hour simulations.
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-

5.5 LOCATION OF POINT AND AREA SOURCES

. Due to the boundary conditions specified for the second

order advection/diffusion algorithm, placing point or area sources
in cells at the edge of the computational domain will result in an
over prediction of pollutant concentrations. The user should take
care that all point and area sources are at least one cell removed

from the boundary.

; T 1 =
* |
e I
Avoid placing
sources in the T
shaded cells. f
“" :
‘ ]
Il i 3 l ;
R i 3 -

C-64



6.0 EXAMPLE PROBIIM

A simplified exemplary problem designed to demonstrate
several of the features and options available in the IMPACT code
is described below. Section 6.1 illustrates the input file and

section 6.2 is the program output.

The problem illustrated below is a grid of dimensions
NX = NY = 9, NZ = 7; DX = 750, DY = 500, DZ 100. The shaded
area indicates the non-zero terrain (height 1000 feet). Five
surface roughness data are specified (Zp), although they are not
required since IDODIF = 3 (DEPICT diffusivity).

ZO Zo

R pu———

—

[

Z
Lol e}

1 23 45 6 7 89

T

\\\ré N Ww s v oy o

w
les]

The problem is to be run for 2 hours, with wind and stability

data specified (wind at w, stability at s) eacfu hour. Sulfate chem-
istry is selected (IDOCEM = 3) and there is simulation of both a

- peint source, P, with a user-specified Ah and emission equal to .
10 g/sec tracer, 500 g/sec S0y, and no S04 and an area source,
indicated by the cross hatched area, with emissions per grid cell
equal to 2 g/sec tracer and 270 g/sec S02. Background concentra-
tions (B) are set to 0.0 for all levels and all species. 'The wind
direction remains constant at 270° for both hours, while the wind
speed changes from 3.0 m/sec to 1.5 m/sec. The stability profile
is unstable to neutral to stable the first hour, changing to com-
pletely stable the second hour.
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PROBLEM OUTPUT
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